Such interactions include those between different tran-
Introduction
The promoter regions of most genes contain binding sites for multiple transcription factors whose interactions are essential for correct regulation of transcription.
Tahir H. Tahirov, 1,2,7,11 Taiko Inoue-Bungo, The CBF␣-CBF␤ interface extends linearly from the and Gln67 (methylene part), Met101, Leu103, and Leu64 ., N109D, F146Y, L148D , or Q158L) impair CBF␣-CBF␤ binding by disrupting the conformation of L5 or the overall folding architecture of CBF␣, which also affects its ability to bind to DNA. Others (e.g., M106V or G108R) impair CBF␣-CBF␤ binding by specifically affecting the recognition residues at the CBF␣-CBF␤ interface. For instance, replacement of Met106 with a ␤-branched valine would cause steric hindrance between the branched methyl group of valine and the methylene part of Asn63 of CBF␤, while replacement of Gly108 with arginine would cause steric hindrance between the arginine and the L2 main chain of CBF␤. In these cases, the mutants retain the capacity to bind to the DNA.
The effects of several CBF␤ mutations on CBF␣-CBF␤ heterodimerization and their in vivo function were examined in a parallel study (Tang et al., 2000b) . R3A, V4A, G61A, Q67A, L103A, and N104A mutations all impair heterodimerization, as Arg3, Gln67, Leu103, and Asn104 are all directly involved in CBF␣-CBF␤ binding, as described above ( Figure 3C) ; the V4A mutation would be expected to alter the folding structure of CBF␤; and the G61A mutation would cause steric hindrance between the glycine and the Asn109 backbone of CBF␣ ( Figure 3D ). (Figures 3A-3C) , CBF␤ interacts mainly with ␤11 but also with L1 of CBF␣; ␤11 extends through L11 around ␤12-L12 via the DNA major groove. to the ␤12-L12 segment, which interacts with the DNA, and L1 extends through ␤2-L2 to the ␤3-L3 segment, (Table 3) . Leu148, the side chain of Thr147, and the backbones Although point mutations affecting residues that diof Phe146 and Ser140 from the L9-␤10 region, which is rectly interact with the DNA impaired CBF␣-DNA bindalso stabilized by CBF␤ via Area I. Consequently, the ing, that binding is still enhanced in the presence of L11-␤12 region is stabilized by both Areas I and II. In CBF␤, the R174A mutant being the only exception (Figthis way CBF␤) play particularly important roles in stabilizing the critical interactions mediating the allosteric regulation by CBF␤. In that regard, it is notable that the loop interhydrogen bonding network of the CBF␣-CBF␤ interface ( Figures 3C and 3D) .
Effects of Amino
acting with the minor groove uses hydrogen bonds sensitive to the backbone conformation of the loops for The CBF␣ R142A and K144M mutants are associated with markedly diminished DNA binding due to disruption regulation of DNA binding. It is thus concluded that the conformation and stability of the backbone of the L9 of hydrogen bonds between the affected residues and the DNA. In the R142A mutant, an arginine that specifiloop, which binds to the minor groove, is a key determinant in the regulation of CBF␣-DNA binding by CBF␤. cally recognizes DNA bases is replaced by alanine, somewhat impairing CBF␤-mediated facilitation of CBF␣-DNA binding (Figures 4A-4C , 1998a , 1998b , 1998c , 1998d Zhou et al., 1998) . These proteins all bind to DNA mainly using loops L9 backbone caused by replacement of the polar lysine side chain-normally inserted into a hydrophilic environand a C-terminal linker located on the same end of a ␤ barrel, though their three-dimensional orientations vary ment formed by Asn109, Asp110, and Glu111 from L5-with a bulky hydrophobic methionine side chain. The widely, leading to differences of their respective target DNA sequences. Since we now have a better undereffect of such a mutation would be expected to cause conformational changes in the backbone of the next standing of the mechanism by which CBF␤ regulates CBF␣-DNA binding, it becomes of great interest to comresidue, Gly143, whose backbone amide normally interacts with a DNA backbone phosphate, thereby reducing pare that mechanism with those regulating the binding to DNA of other proteins containing immunoglobulin DNA binding. Although CBF␤ binding activity is only slightly impaired in this mutant (Table 1) (Table 3) . This 1998b), the minor groove-interacting loop (EЈF loop) of NFAT is stabilized by Fos-Jun heterodimer. This mode finding strongly supports the proposed mechanism, in which a hydrogen bond between the Gly143 backbone of interaction has a distant resemblance to the CBF␤-mediated stabilization of L9 of CBF␣ via L5. Furtheramide and a DNA backbone phosphate is one of the HEPES buffer (pH 7.5) containing 300 mM NaCl and 0.005% Tween 20, and applied to the sensor chip surface at a rate of 5 ml/min until Plasmid Construction, Bacterial Expression, Protein nearly 400 resonance units (RU) were obtained. The running buffer Purification, Crystallization, and X-Ray Diffraction was the same as in the ITC experiments, and as analytes, CBF␣ or The cDNA fragments encoding regions of mouse AML1/Runx-1 its mutants (except R142A and K144M, for which 100 and 140 mM (Gly60-Lys182) and the CBF␤ (Met1-Gln141) were amplified and NaCl were used, respectively) were diluted to various concentrations digested to generate the EcoRI-BamHI cDNA fragments, which were in the same buffer and then injected over the immobilized ligand at then subcloned into pBS-KS vector, sequenced, and inserted as a rate of 15 l/min until the injected volume reached 250 l. For the NdeI-BamHI fragments into pAR2156 vector. In some cases, siteexperiments with CBF␤, 500 nM CBF␤ or its mutant was added to directed mutagenesis was then carried out using a QuikChange the CBF␣ solutions. After that, the dissociation of the analytes was Site-Directed Mutagenesis kit (STRATAGENE) to make point mutameasured by injecting the running buffer alone. All experiments were tions. The resultant pAR2156 plasmids containing inserts encoding performed at 25ЊC. Data were analyzed with BIAevaluation version the CBF␣ and CBF␤ fragments or their point mutants were intro-2.1 using a nonlinear least squares method to obtain the association duced into the BL21(DE3) cells for overexpression of their products. 
